Light deprivation lowers the threshold for longterm depression (LTD) and long-term potentiation (LTP) in visual cortex by a process termed metaplasticity, but the mechanism is unknown. The decreased LTD/P threshold correlates with a decrease in the ratio of NR2A to NR2B subunits of cortical NMDA receptors (NMDARs) and a slowing of NMDAR-mediated excitatory postsynaptic currents (EPSCs). However, whether and how changes in NR2 subunit expression contribute to LTD and LTP have been controversial. In the present study, we used an NR2A knockout (KO) mouse to examine the role of this subunit in the experience-dependent modulation of NMDAR properties, LTD, and LTP. We found that deletion of NR2A abrogates the effects of visual experience on NMDAR EPSCs and prevents metaplasticity of LTP and LTD. These data support the hypothesis that experience-dependent changes in NR2A/B are functionally significant and yield a mechanism for an adjustable synaptic modification threshold in visual cortex.
INTRODUCTION
Metaplasticity-the plasticity of synaptic plasticity-is a change in the properties of synaptic modification as a function of the recent history of cellular or synaptic activation (Abraham and Bear, 1996) . A robust demonstration of metaplasticity is the change in the properties of longterm potentiation (LTP) and long-term depression (LTD) in visual cortex of animals deprived of vision (Kirkwood et al., 1996; Philpot et al., 2003) . After a period of reduced cortical activity caused by dark rearing (Czepita et al., 1994; Maffei et al., 2006) , LTP is enhanced and LTD is reduced over a range of stimulation frequencies compared to light-reared (LR) animals. These changes are rapidly reversed by light exposure of the dark-reared (DR) animals. Such findings are in accordance with the theoretical proposal of a synaptic modification threshold that ''slides'' as a function of the average activity of cortical neurons (Bienenstock et al., 1982) . A sliding modification threshold enables the synaptic competition that yields stimulusselective neuronal responses and contributes to homeostasis by keeping the network of modifiable synapses within a useful dynamic range (Bear, 2003) .
The forms of LTP and LTD in visual cortex that are subject to metaplastic regulation are triggered by strong and weak activation of postsynaptic NMDA receptors (NMDARs), respectively. A mechanism for metaplasticity is suggested by the observations both in vivo and in vitro that NMDAR function is enhanced in visual cortex of DR animals and diminished after brief light exposure (Fox et al., 1992; Philpot et al., 2003; Tsumoto et al., 1987) . Such changes in NMDAR function would be expected to lower and raise LTD/P thresholds, respectively.
While there are many ways to modulate NMDAR effectiveness, one appealing mechanism is the activity-dependent regulation of NMDAR subunit expression and assembly. NMDARs consist of the obligatory NR1 subunit in combination with NR2A-D and NR3A-B subunits (PerezOtano et al., 2001 ). NR2A and NR2B subunits, which predominate in postnatal cortex (Monyer et al., 1994; Sheng et al., 1994; Watanabe et al., 1993) , exhibit several important differences that can influence NMDAR-mediated plasticity. First, NR2B-containing NMDARs have longer current durations than NR2A-containing receptors, due to a higher affinity for glutamate and slower rates of desensitization Monyer et al., 1992; Priestley et al., 1995; Vicini et al., 1998) . Second, NR2B-containing NMDARs carry more calcium charge per unit current than NR2A subtypes (Sobczyk et al., 2005) . Third, NR2A and NR2B subunits have distinct intracellular binding partners (Barria and Malinow, 2005; Gardoni et al., 2001; Husi et al., 2000; Sans et al., 2000; Steigerwald et al., 2000; Vissel et al., 2002; Yoshii et al., 2003) .
Complementary biochemical, biophysical, and pharmacological studies have shown that dark rearing leads to a decreased NR2A/B ratio in synaptic NMDARs, which is rapidly reversed by light exposure (Chen and Bear, 2007; Philpot et al., 2001a; Quinlan et al., 1999a Quinlan et al., , 1999b . The time course of these bidirectional changes in NMDAR subunit composition correlates well with the changes in LTD/P thresholds in visual cortex. Thus, it has been hypothesized that inactivity caused by light deprivation gradually decreases the NR2A/B ratio which, in turn, lowers the LTD/P threshold. Conversely, restoring visual experience rapidly increases the NR2A/B ratio, which raises the LTD/P threshold. This model is attractive since a lowered NR2A/B ratio has the effects of prolonging and increasing calcium currents through NMDARs and recruiting calcium/calmodulin-dependent protein kinase II-changes that would be expected to lower the threshold level of NMDAR activation required to trigger LTP.
Other than the correlations mentioned above, however, there is no direct evidence that NMDAR subunit composition contributes to metaplasticity in visual cortex. Resolving this question has taken on new importance with the publication of recent reports suggesting an entirely different view of how NR2A and NR2B subunits contribute to LTP and LTD, respectively (Liu et al., 2004; Massey et al., 2004) . According to these studies, decreasing the NR2A/B ratio should promote LTD over LTP. To distinguish among these very different hypotheses and to determine the contribution of NR2 subunit expression to metaplasticity in visual cortex, we have studied the effects of visual experience and deprivation on the properties of NMDAR-mediated synaptic transmission, LTP, and LTD in visual cortex of mice with a genetic ablation of NR2A.
RESULTS

NR1
, NR2B, and GluR1 Levels Are Unchanged in Juvenile NR2A KO Mice To test for possible compensatory alterations of glutamate receptor expression in NR2A-deficient mice, we first performed an immunoblot analysis of NMDA (NR1, NR2A, and NR2B) and AMPA (GluR1) receptor subunit expression in synaptoneurosomes prepared from visual cortex of +/+, +/À, and À/À mice ( Figure S1 in the Supplemental Data available with this article online). To control for protein loading and the degree of synaptic enrichment, we normalized receptor subunit protein levels to the synaptic vesicle protein synapsin (Table S1 ). As expected, NR2A levels were significantly reduced in NR2A deficient mice (n's = 6, 5, and 7 animals for +/+, +/À, and À/À mice, respectively; F (2,17) = 17.83, p < 0.0002). Consistent with previous observations, NR2A levels in +/À mice were approximately half that of wild-types (Kutsuwada et al., 1996; Sakimura et al., 1995) . Despite reductions in NR2A levels in À/À and +/À mice, levels of the obligatory NR1 subunit were unchanged in NR2A-deficient mice (F (2,17) = 1.55, p = 0.24). There was also no significant effect on NR2B levels (F (1,5) = 0.34, p = 0.59) as observed previously (Morikawa et al., 1998) . Levels of the GluR1 AMPA receptor subunit were not changed in the mutant mice (F (2,17) = 0.88, p = 0.44). These data indicate that there were no gross abnormalities in the expression of ionotropic glutamate receptors at the synapse, other than the expected loss of NR2A expression in +/À and À/À mice. Our observation that other ionotropic glutamate receptor subunit levels remain unchanged in the visual cortex of NR2A-deficient mice is similar to previous findings demonstrating that NR2B, NR1, and GluR1 levels in the immature somatosensory cortex are unaltered by the loss of NR2A (Lu et al., 2001 ).
Loss of NR2A Mimics and Occludes the Effect of Dark Rearing on NMDAR EPSCs
To test for gross differences in NMDA receptor function in layers 2/3 of visual cortex, we generated input-output curves of pharmacologically isolated NMDA receptormediated EPSCs in +/+, +/À, and À/À mice reared normally or in complete darkness (with sample sizes between 15 and 35 cells for each of the six groups; Figure 1 ; data from heterozygotes were excluded from this figure for clarity but were included in all statistics). In this and all subsequent comparisons, the experimenters were blind to genotype. Because ANOVA revealed a significant main effect (F (5,1590) = 3.2, p < 0.008), post hoc analyses were used to test for group differences. This analysis revealed that dark rearing significantly enhanced the inputoutput relationship of NMDAR responses in wild-type (WT) mice ( Figure 1D ; p < 0.0007). However, dark rearing failed to alter the input-output curves of NMDAR responses in NR2A knockout (KO) mice ( Figure 1E ; p = 0.79). Consistent with our observation that NR1 levels were unchanged in NR2A-deficient mice, we detected no reduction in the evoked NMDAR currents in NR2A-deficient mice at this age. Our direct measurements of the relationship between stimulation intensity and NMDAR EPSC suggest that there is no net loss in the number of NMDARs functionally expressed at the synapse in NR2A-deficient mice. This finding is consistent with a report from Lu and colleagues (2001) , who demonstrated that the ratio of NMDAR:AMPAR synaptic currents in the immature somatosensory cortex are not influenced by genetic deletion of NR2A. Coupled with our biochemical data demonstrating that there is no gross change in NR2B levels, our electrophysiological observations suggest that NR2B-containing NMDARs that would normally be targeted to perisynaptic sites are likely targeted to synaptic sites in the absence of NR2A. Thus, at least at the ages and layer examined, NMDAR current amplitudes are not impaired in the absence of NR2A.
To test the contribution of NR2A subunits to experience-dependent modifications in current duration (Philpot et al., 2001a) , we recorded NMDAR EPSCs in visually identified layer 2/3 pyramidal cells. As expected, dark rearing significantly increased NMDAR current duration in layer 2/3 pyramidal cells of normal mice ( Figure 2A ; F (1,127) = 13.31, p < 0.0005). The NR2A deficiency also prolonged NMDAR current durations (F (2,127) = 13.72, p < 0.0001), and there was a significant interaction between rearing condition and genotype on EPSC duration (F (2,27) = 4.40, p < 0.02). Post hoc analyses (Fisher's PLSD) revealed that LR, WT animals had significantly faster currents than DR animals and NR2A-deficient mice (+/À, À/À). Notably, dark rearing had no effect in mice lacking functional NR2A subunits (p = 0.89). These data demonstrate that genetic ablation of functional NR2A subunits mimics and occludes the consequences of light deprivation.
We have previously demonstrated that the temporal summation of NMDAR-mediated EPSCs is extremely sensitive to small changes in NMDA receptor-current durations (Philpot et al., 2001a) . NMDAR currents in layer 2/3 pyramidal cells were evoked by extracellular stimulation of layer 4 for 11 pulses at 40 Hz, and the total EPSC amplitude was measured after each pulse ( Figure 2B ). Total EPSC amplitude was described by a significant interaction between pulse number, genotype, and rearing condition (F (20,1200) = 2.4, p < 0.0007). Consistent with the observation that NMDAR current durations from LR, WT mice differed significantly from all the other groups, post hoc analyses revealed that the only significant differences in temporal summation arose between the LR, WT mice versus all the other groups. These data demonstrate that modest increases in NMDA receptor current duration, driven by a genetic or experience-dependent reduction in NR2A levels, are sufficient to maximize temporally summated NMDAR EPSCs generated by 40 Hz stimulation. Moreover, the genetic loss of NR2A occludes further changes by dark rearing on NMDAR EPSC temporal summation.
Deprivation-Induced Metaplasticity Fails to Occur in NR2A KO Mice To assess differences in cortical plasticity, layer 2/3 field potentials were evoked by layer 4 stimulation in visual cortical slices of P21-28 mice (Kirkwood et al., 1996; Philpot et al., 2003) . There was no effect of deleting NR2A on LTP induced in layer 2/3 of slices prepared from LR animals. Remarkably, however, the metaplasticity of LTP and LTD was completely absent in the NR2A KO mice.
In WT mice, dark rearing significantly enhanced LTP induced with a 40 Hz tetanus, confirming previous observations in rats (Kirkwood et al., 1996) . LTP in LR mice Note that NMDAR-mediated EPSCs are prolonged in DR cortex from +/+ mice, but loss of NR2A mimics and occludes the consequences of dark rearing. Bar graph values from left to right are: 83 ± 6.4, 150 ± 12.5, 130 ± 8.6, 159 ± 8.1, 173 ± 9.2, and 175 ± 11.5. (B) Reducing NR2A expression genetically or by dark rearing enhances the temporal summation of average (±SEM) NMDAR EPSCs evoked at 40 Hz (11 pulses). Traces represent normalized NMDAR EPSCs from WT (light trace) and KO (dark trace) mice. Stimulus artifacts were clipped for clarity. measured 111.8% ± 4.2% of baseline (n = 13) compared to 123.1% ± 1.9% of baseline in DR mice (n = 8; p < 0.05; Figure 3A ). In contrast, there was no effect of dark rearing on the level of LTP induced by 40 Hz stimulation in NR2A KO mice compared with LR NR2A KO mice (LR, 114.4% ± 2.9% of baseline, n = 14; DR, 113.6 ± 3.8% of baseline, n = 9; p = 0.88; Figure 3B ). These data suggest that although NR2A is not required for LTP in visual cortex, it is essential for experience-dependent metaplasticity.
In WT mice, dark rearing significantly reduced LTD induced with a 1 Hz tetanus, again confirming previous findings in rats (Kirkwood et al., 1996; Philpot et al., 2003) . LTD in LR mice measured 82.0% ± 2.7% of baseline (n = 6) compared to 92.7% ± 1.4% of baseline in DR mice (n = 6; p < 0.003; Figure 3C ). We were surprised to find that 1 Hz stimulation in LR, NR2A KO mice produced no LTD at all; instead, responses modestly potentiated (114.9% ± 1.8% of baseline, n = 5; Figure 3D ). Moreover, there was no longer any difference between LR and DR animals with respect to the plastic response to 1 Hz stimulation (DR, 111.3% ± 6.8% of baseline, n = 8). These data suggest that the LTP threshold is greatly reduced in the absence of NR2A and no longer modified by the history of cortical experience.
To better determine how genetic deletion of NR2A altered the shape of the frequency-response function, we tested the consequences of 30 min of 0.5 Hz stimulation in WT and KO mice reared normally ( Figures 3E and  3F ). We found that this manipulation produced a modest but significant depression in both KO and WT mice (WT, 91.2% ± 8.2% of baseline, n = 6; KO, 87.9% ± 1.6% of baseline, n = 10). These data indicate that it is possible to weaken synapses in NR2A KO mice and that the genetic deletion of NR2A produces an extreme leftward shift in the frequency-response function (see Figure 4) .
DISCUSSION
To summarize the major findings of this study, our data show that visual experience regulates NMDAR EPSC (A and B) Curves are semischematic, fit to data from the current study and, in (A), also to that previously reported for rats (Kirkwood et al., 1996; Philpot et al., 2003) . Dashed regions of the curves are extrapolated from existing data and remain to be confirmed experimentally.
kinetics and temporal summation, LTP, and LTD in layer 2/ 3 of mouse visual cortex as previously reported in rats (Carmignoto and Vicini, 1992; Kirkwood et al., 1996; Philpot et al., 2001a Philpot et al., , 2003 and that these effects of experience require the NMDAR NR2A subunit. In the absence of NR2A, the NMDAR EPSC kinetics and summation resemble those observed in DR WT mice, and there is no additional effect of dark rearing in the NR2A KO mice. Metaplasticity of LTP and LTD is completely lost in the absence of NR2A, and the loss of NR2A appears to greatly lower the threshold for inducing LTP with low-frequency stimulation. Taken together, the data support the hypothesis that experience-dependent changes in NR2A/B, documented previously in visual cortex (Chen and Bear, 2007; Quinlan et al., 1999a Quinlan et al., , 1999b , are functionally significant and provide a mechanism for an adjustable synaptic modification threshold (reviewed by Bear [2003] ).
Our data provide direct evidence that experience-dependent modifications in NMDAR current duration are due to a change in NR2 subunit composition. Previous studies demonstrated a strong correlation between an increase in sensory experience, an increase in the NR2A/B ratio, and faster NMDAR current durations (Carmignoto and Vicini, 1992; Crair and Malenka, 1995; Flint et al., 1997; Hestrin, 1992; Nase et al., 1999; Philpot et al., 2001a; Quinlan et al., 1999b; Stocca and Vicini, 1998) . The correlation between the expression of NR2A and NMDAR kinetics in hippocampus (Kirson and Yaari, 1996) , visual cortex (Quinlan et al., 1999b ; present study), and somatosensory cortex (Flint et al., 1997; Lu et al., 2001) suggested that changes in NMDAR composition underlie the developmental and experience-dependent modifications in NMDAR current duration (although see Barth and Malenka [2001] ), an idea supported by the absence of developmental shortening of NMDAR currents in neurons lacking NR2A (Fu et al., 2005) . However, other mechanisms also contribute to the developmental shortening of NMDARs (Shi et al., 2000; Prybylowski et al., 2000; Rumbaugh et al., 2000) . The present study provides direct evidence for the importance of NR2A for experience-dependent modifications in NMDAR currents, because the consequences of dark rearing on NMDAR current duration are mimicked and occluded by the genetic loss of NR2A function.
While our data clearly show that the presence of NR2A is a molecular requirement for experience-dependent modifications in NMDAR current duration in visual cortex, it remains to be seen if NMDAR current duration is modified at the level of NR2A expression itself or through posttranslational modifications occurring through NR2A. For example, Shi and colleagues (2000) suggested that calcineurin activity can shorten NMDAR kinetics. Because the phosphatase can act through NR2A (e.g., Krupp et al. [2002] ), we cannot rule out the possibility that posttranslational modifications specific to NR2A are responsible for experience-dependent modifications in NMDAR current. Given evidence that NMDARs are largely unaffected by genetic deletion of calcineurin (Zeng et al., 2001) , we favor the idea that the ratio of NR2A/B is the major underlying factor for experience-dependent modifications in visual cortex. Regardless, our data indicate that experiencedependent modifications in NMDAR kinetics within visual cortex require the presence of NR2A and are unlikely to occur through altered expression of NR1 splice variants or posttranslational modifications of NR1 or NR2B.
The importance of the NR2B to NR2A subunit switch for synaptic plasticity has remained a matter of controversy. Several influential papers suggest that NR2A and NR2B subunit-containing NMDARs have a separable role in synapse modification, with NR2A subtypes regulating LTP and NR2B subtypes regulating LTD (Liu et al., 2004; Massey et al., 2004) . The validity of these findings is now being questioned because of suggestions that these studies were conducted using nonspecific concentrations of NR2A-selective antagonists and/or because of difficulty replicating the initial findings (Berberich et al., 2005; Morishita et al., 2007; Neyton and Paoletti, 2006) . Recent data contradict the initial findings that NR2A and NR2B play distinct roles in regulating the polarity of synaptic plasticity and instead suggest that either subunit is capable of inducing LTD and LTP (Berberich et al., 2005; Weitlauf et al., 2005; Zhao et al., 2005) . While much of the confusion surrounding the role of NMDAR subtypes in synaptic plasticity may be the result of regional and developmental differences in NMDAR expression (see Philpot et al. [2001b] ), our data support an alternative interpretation of the function of the NMDAR subunit switch. We suggest that the NR2A/B ratio reflects-and is set by-the amount of ongoing cortical activity, which normally increases during postnatal development. The NR2A/B ratio establishes the threshold for subsequent activity-dependent synaptic modifications. We favor the idea that this threshold is set directly by the biophysical and biochemical properties of NMDARs at modifiable synapses, but additional sequelae, such as a change in inhibitory tone (Fagiolini et al., 2003; Steele and Mauk, 1999) , may also contribute.
Although we observed an extreme reduction in the stimulation frequency required to induce LTP in the NR2A KO mice (see Figure 4) , the absence of NR2A failed to enhance the magnitude of LTP that can be induced, consistent with previous observations (Lu et al., 2001 ). This finding suggests that there may be separable mechanisms for regulating the threshold for inducing synaptic plasticity and the magnitude of the expressed plasticity. A parsimonious explanation for the lack of enhanced LTP in NR2A KO mice may be that there are limited resources available to make synapses stronger and that these may be tightly and independently regulated in a homeostatic manner. Consistent with this idea, potentiated synapses have been observed to compete for a limited supply of ''plasticity factors,'' which can limit the total synaptic expression of LTP (Fonseca et al., 2004) .
Taken together, the data suggest that during visual cortical development, the progressive increase in the NR2A/B ratio in a normal visual environment raises the threshold for inducing LTP such that only the most strongly correlated inputs are maintained while less-correlated inputs are more likely to be weakened. This experience-dependent adjustment in the plasticity threshold normally allows neurons to become progressively more tuned to select features of the environment (Bienenstock et al., 1982) . Thus, the loss of orientation selectivity and incomplete expression of ocular dominance plasticity previously reported in the NR2A KO mouse (Fagiolini et al., 2003) is likely to be a manifestation of impaired metaplasticity in vivo.
EXPERIMENTAL PROCEDURES
Subjects
Mice deficient in NR2A were generously supplied by S. Nakanishi. The mice were developed by replacing the region spanning the M2 transmembrane segment of NR2A subunits with the neomycin resistance gene as previously described (Kadotani et al., 1996) . A pathogenfree line was rederived on a C57BL/6 background by Charles River Laboratories. Wild-type (+/+), heterozygote (+/À), and NR2A KO (À/À) mice were used between postnatal days (P) 21 and 29. Subjects were fed ad libitum and reared in normal lighting conditions (12/12 light/dark cycle) or in complete darkness.
Cortical Slice Preparation
Following an overdose of barbiturates (i.p.), mice were decapitated upon disappearance of corneal reflexes in compliance with the U.S. Department of Health and Human Services. The brain was rapidly removed and immersed in ice-cold dissection buffer (composition is as follows: 87 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 75 mM sucrose, 10 mM dextrose, 1.3 mM ascorbic acid, 7 mM MgCl 2 , and 0.5 mM CaCl 2 bubbled with 95% O 2 and 5% CO 2 . The visual cortex was rapidly removed, and 350 mm coronal slices were cut using a vibrating microtome (Leica VT100S). Slices recovered for 15 min in a submersion chamber at 32 C filled with warmed artificial cerebral spinal fluid (ACSF; 124 mM NaCl, 5 mM KCl, 1.25 mM Na 2 PO 4 , 26 mM NaHCO 3 , 1 mM MgCl 2 , 2 mM CaCl 2 , and 10 mM dextrose, saturated with 95% O 2 , 5% CO 2 ) and then cooled gradually to room temperature until use.
Extracellular Electrophysiology
Slices were transferred to an interface recording chamber maintained at 30 C and perfused with ACSF at a rate of 2.5 ml/min. A stimulation electrode (concentric bipolar tungsten) was positioned in layer 4, and a glass recording electrode ($1 MU) filled with ACSF was positioned in layers 2/3. The magnitude of responses evoked by a 200 ms pulse was monitored by the amplitude of the field potential. Stimulation intensity was adjusted to elicit half the maximal response, and stable baseline responses were elicited every 30 s. The resulting signals were filtered between 0.1 Hz and 3 kHz, amplified 1000 times, and captured at 10 kHz on an IBM-compatible computer using pCLAMP 9.2 software (Molecular Devices). After achieving a stable baseline (<5% drift) for 15 min, slices were stimulated with either 40 Hz stimulation for 1 s, repeated three times with a 10 s interval, or 900 pulses at 1 Hz, or 900 pulses at 0.5 Hz. Field excitatory postsynaptic potential (fEPSP) amplitudes were recorded every 30 s for 45 min following the cessation of the stimulation protocol. Control and experimental subjects were run in an interleaved fashion. The data were normalized, averaged, and reported as means ± SEM. Changes in synaptic strength were measured by comparing the average response amplitude 35-40 min after conditioning stimulation to the pre-conditioning baseline response.
Voltage-Clamp Recordings
Slices were placed in a submersion chamber, maintained at 31 C, and perfused at 2 ml/min with oxygenated ACSF containing 4 mM MgCl 2 , 4 mM CaCl 2 , 1 mM glycine, 50 mM picrotoxin (Fluka), and 20 mM CNQX. These conditions are sufficient to pharmacologically isolate NMDARmediated responses (Philpot et al., 2001a (Philpot et al., , 2001b Quinlan et al., 1999b) . Layer 2/3 pyramidal cells were visually identified using a Nikon E600FN microscope equipped with IR-DIC optics. Patch pipettes were pulled from thick-walled borosilicate glass. Open tip resistances were 3-5 MU when pipettes were filled with the internal solution containing the following: 102 mM cesium gluconate, 5 mM TEA-chloride, 3.7 mM NaCl, 20 mM HEPES, 0.3 mM sodium guanosine triphosphate, 4 mM magnesium adenosine triphosphate, 0.2 mM EGTA, 10 mM BAPTA, and 5 mM QX-314 chloride (Alomone Labs, Jerusalem, Israel) with pH adjusted to 7.2 and osmolarity adjusted to $300 mmol/kg with sucrose or ddH 2 O. Cells were voltage clamped at +40 mV in the wholecell configuration using a patch-clamp amplifier (Axoclamp 1D, Axon Instruments), and data were acquired and analyzed using a system from DataWave Technologies Inc. Pipette seal resistances were >1 GU, and pipette capacitive transients were minimized prior to breakthrough. Series resistance was monitored throughout the experiment by giving a test pulse and measuring the amplitude of the capacitive current filtered at 30 kHz. Only cells with series resistance <30 MU were included in this study. No series resistance compensation was applied. Input resistance was monitored throughout the experiment by measuring the amplitude of the steady-state current, filtered at 2 kHz, evoked from a test pulse. EPSCs were evoked from a stimulating electrode (concentric bipolar stimulating; $200 mM tip separation) placed in layer 4, and stimulation intensity was adjusted to evoke $100 pA response. Stimulation was given for 200 ms every 6 s. To examine functional changes in the summation of NMDAR-mediated currents, 11 pulses of 40 Hz trains of stimulation were given every 6 s for 3 min. In addition, input-output curves were generated by systematically adjusting the stimulation intensity from 0 to 80 mA. The deactivation kinetics of NMDAR-mediated EPSCs were described by averaging 30 evoked responses and fitting the current decay using the following formula:
where ''I'' is the current amplitude, ''t'' is time, ''I f '' and ''I s '' are the peak amplitudes of the fast and slow components, respectively, and ''t f '' and ''t s '' are their respective time constants. A nonlinear regression in GraphPad Prism software was used to fit decay curves. For quantification purposes, we used the weighted time constant (t w ), calculated as:
Biochemical Analysis Synaptoneurosomes were prepared as previously described (Hollingsworth et al., 1985; Quinlan et al., 1999b) . Briefly, animals were given a lethal dose of barbiturates (i.p.) and decapitated upon disappearance of corneal reflexes. The brain was quickly removed into ice-cold dissection buffer (212.7 mM sucrose, 2.6 mM KCl, 1.23 mM NaH 2 PO 4 , 26 mM Na HCO 3 , 10 mM dextrose, 1 mM MgCl 2 , 0.5 mM CaCl 2 , 0.02 mM CNQX, 0.1 mM AP5) saturated with 95% O 2 , 5% CO 2 . Visual cortices were bilaterally removed and placed in homogenization buffer consisting of 10 mM HEPES, 2 mM EDTA, 2 mM EGTA, 0.5 mM DTT, 0.1 mM PMSF, 10 mg/l leupeptin, and 100 nM microcystin. The samples were homogenized using two ml glass tissue homogenizers (Kontes), filtered through a double layer of 105 mm pore nylon mesh filter, and finally passed through 5 mm pore filter paper. Homogenized tissue was centrifuged at 3600 rpm for 10 min at 4 C. The sediment containing a high density of synaptic protein was then resuspended in 1% boiling SDS and stored at À20
C. An optical densitometric assay (BCA Assay, Pierce) was used to measure the concentration of synaptic proteins. Protein concentrations across samples were normalized and preserved from decay with sample buffer. Ten micrograms of protein were loaded per lane and samples were run on 7.5% polyacrylamide gels using Bio-Rad miniprotean II and III cells. Gels were then transferred to nitrocellulose membranes (Bio-Rad) and probed against NR2A (Molecular Probes, 1:250), NR2B (Santa Cruz, 1:250), synapsin (Chemicon, 1:1500), GluR1 (Oncogene Research, 1:1000), or NR1 (Chemicon, 1:1000). Samples were next probed with the appropriate secondary antibody conjugated to horseradish peroxidase in Tris-buffered saline (pH 7.4) containing 0.1% Triton X-100. To visualize the immunoblots, enhanced chemiluminescence (Amersham ECL) was used with autoradiographic film (Amersham Hyper ECL). Developed autoradiographs were scanned using Alpha Imager software. Samples from +/+, +/À, and À/À were run simultaneously on each gel to control for antibody penetration and exposure time. Immunoblot bands were quantified by densitometric analysis using NIH Image software. Notably, long exposure times revealed a faint NR2A band in NR2A-KO mice, suggesting some crossreactivity of the NR2A polyclonal antibodies with NR2B. For quantifying NR1, NR2A, and GluR1 levels, densitometric intensities were expressed as a ratio of synapsin levels and normalized to the averaged protein levels in +/+ mice.
Statistics
Either multiple factor ANOVA's or mixed effect ANOVA's with a repeated measures factor were run with post hoc analyses (Fisher's PLSD) to test for statistical significance between multiple groups. Data are expressed as means ± SEM, and significance was placed at p < 0.05.
Drugs
Unless otherwise noted, drugs were purchased from Sigma.
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/53/4/495/DC1/.
